The high-metabolic demand of neurons and their reliance on glucose as an energy source places them at risk for dysfunction and death under conditions of metabolic and oxidative stress. Uncoupling proteins (UCPs) are mitochondrial inner membrane proteins implicated in the regulation of mitochondrial membrane potential (∆ψ m ) and cellular energy metabolism. The authors cloned UCP4 cDNA from mouse and rat brain, and demonstrate that UCP4 mRNA is expressed abundantly in brain and at particularly high levels in populations of neurons believed to have high-energy requirements. Neural cells with increased levels of UCP4 exhibit decreased ∆ψ m , reduced reactive oxygen species (ROS) production and decreased mitochondrial calcium accumulation. UCP4 expressing cells also exhibited changes of oxygen-consumption rate, GDP sensitivity, and response of ∆ψ m to oligomycin that were consistent with mitochondrial uncoupling. UCP4 modulates neuronal energy metabolism by increasing glucose uptake and shifting the mode of ATP production from mitochondrial respiration to glycolysis, thereby maintaining cellular ATP levels. The UCP4-mediated shift in energy metabolism reduces ROS production and increases the resistance of neurons to oxidative and mitochondrial stress. Knockdown of UCP4 expression by RNA interference in primary hippocampal neurons results in mitochondrial calcium overload and cell death. UCP4-mRNA expression is increased in neurons exposed to cold temperatures and in brain cells of rats maintained on caloric restriction, suggesting a role for UCP4 in the previously reported antiageing and neuroprotective effects of caloric restriction. By shifting energy metabolism to reduce ROS production and cellular reliance on mitochondrial respiration, UCP4 can protect neurons against oxidative stress and calcium overload.
Introduction
To support their high levels of electrochemical activity neurons produce large amounts of adenosine triphosphate (ATP) during mitochondrial oxidative phosphorylation and correspondingly large amounts of reactive oxygen species (ROS) . This high-metabolic load on mitochondria places neurons at risk for energy failure, oxidative damage, and cell death during conditions of injury or disease (Beal, 1998; Hou and MacManus, 2002; Mattson and Kroemer, 2003) . In addition, mitochondria play important roles in regulating cellular Ca 2+ homeostasis in neurons in response to changes in synaptic activity (Simpson, 2000; Yang et al., 2003) and in pathological conditions such as stroke or exposure to neurotoxins (Kristián and Siesjö, 1998; Nicholls and Budd, 1998; Nasr et al., 2003) . Moreover, mitochondrial ROS production and Ca 2+ overload are often pivotal events in a form of physiological programmed-cell death called apoptosis (Deshmukh and Johnson, 1997) . Elucidating the molecular mechanisms that control mitochondrial energy and ROS production, is therefore of considerable importance for understanding how neurons either adapt or succumb to metabolic and oxidative loads.
Uncoupling proteins (UCP)1-5 belong to a family of mitochondrial ion carriers located in the inner mitochondrial membrane (Pecqueur et al., 2001; Argiles et al., 2002) . Among mammalian UCPs, UCP4 is highly conserved with homologs in plants, insects, and fish (Hǎnak and Jezek, 2001; Sokolova and Sokolov, 2005) . UCPs share structural similarities with the adenine nucleotide translocator (Vianello et al., 1994) , the aspartate/glutamate antiporter (Samartsev et al., 1997) , the oxoglutarate/malate carrier (Yu et al., 2001) , and the dicarboxylate carrier (Wieckowski and Wojtczak, 1997) with three putative mitochondrial energy transfer motifs and predicted six transmembrane domains. These mitochondrial transporters can participate in proton transfer across the membrane, although not all the mitochondrial carrier proteins might have a native uncoupling function . The facilitated protonphoric action of UCPs results in reduced mitochondrial membrane potential (∆ψ m ) and ROS production (Negre-Salvayre et al., 1997; Arsenijevic et al., 2000) . Even "mild" uncoupling will significantly reduce mitochondrial ROS production (Korshunov et al, 1997; Starkov, 1997; Miwa and Brand, 2003) . The uncoupling activity of UCPs can also be activated by oxidative stress (Echtay et al., 2002 (Echtay et al., , 2003 and free-fatty acids (Hagen and Lowell, 2000) , or inhibited by purine nucleotides such as guanosine diphosphate (GDP) (Nicholls and Locke, 1984) . However, in many cell types, it is likely that the fatty acid-induced response is mediated by more than one mitochondrial carrier protein, including the adenine nucleotide translocator, the dicarboxylate carrier (Andreyev et al, 1989; Wieckowski Wojtczak, 1997; Korshunov et al., 1998) rather than UCPs alone. UCP1 is expressed in brown adipose cells in which it is upregulated by cold temperature resulting in the production of heat (Pecqueur et al., 2001; Argiles et al., 2002) . UCP2 is widely expressed in multiple tissues including certain regions of brain, whereas UCP3 is expressed principally in skeletal muscle cells (Dulloo et al., 2001 ). UCP4 and UCP5 brain mitochondrial carrier protein 1 (BMCP1) are expressed mainly in the nervous system Mao et al., 1999) in which there are three isoforms of human UCP5 (Yu et al., 2000; Yang et al., 2002) and UCP5 might regulate respiration and ROS production (KimHan et al., 2001) . UCP4 mRNAtranscripts are exclusively expressed in brain tissues (Mao et al., 1999) and are more robustly expressed in rodent brain than BMCP1/UCP5 (Andrews et al., 2005) . The function(s) of UCP4 in the nervous system is unknown. Although it is believed that UCPs mediate adaptive responses of cells and the organism to environmental perturbations, this has only been clearly established in the case of UCP1 which is upregulated in brown fat cells in response to cold resulting in mitochondrial uncoupling and heat production (Erlanson-Albertsson, 2003) . Transgenic mice expressing UCP1 in skeletal muscle exhibit a higher metabolic rate and increased glucose transport (Li et al., 2000; Han et al., 2003) , suggesting that cells might compensate for reduced ATP production from mitochondrial respiration. Additional evidence that UCPs are involved in the regulation of Index Entries: Caloric restriction; glucose transport; hippocampus; neuronal death; oxygen consumption. energy metabolism and ROS production include: studies of transgenic mice and cultured pancreatic β-cells have shown that UCP2 negatively regulates insulin secretion and might play an important role in the development of diabetes (Chan et al., 1999; Zhang et al., 2001 ); UCP3 stimulates glucose transport and GLUT4 translocation by activation of the phosphoinositide 3-kinase-dependent pathway in muscle cells (Huppertz et al., 2001) ; fasting increases the expression of UCP2 and UCP3 (Boss et al., 1997; Millet et al., 1997) ; and macrophages isolated from UCP2-/-mice and skeletal muscle mitochondria isolated from UCP3-/-mice show increased ROS production (Arsenijevic et al., 2000; Vidal-Puig et al., 2000) . Recent findings suggest roles for UCP2 and UCP3 in protecting neurons against metabolic and oxidative insults (Mattiasson et al., 2003; Vincent et al., 2004) .
In light of the important roles of other UCPs in physiological and pathophysiological processes in nonneural tissues, the authors cloned UCP4 from mouse and rat brain, and characterized its regional and cellular expression in the brain. The authors showed that UCP4 is highly enriched in neurons in which it regulates energy and oxyradical metabolism in ways that allow the neurons to adapt to stressful conditions.
Materials and Methods

Cloning of UCP4 cDNA From Rodent Brain
Total RNA was extracted from different regions of rat and mouse brain. Primer pairs and probes were designed and synthesized based on published rat and human UCP4 sequences (Genebank Accession numbers AJ300164 and AF110532, respectively). Primers for mouse UCP4 were forward primer, 5'-GCC AAT AAC ACC AGC CAT C -3' and reverse primer, 5'-GAG CGA GCA AAT TCC TAC -3'. Primers for rat UCP4 were: forward primer: 5'-TCC TTC CCT GAC CTC TCT TG-3' and reverse primer: 5'-TCT CCAAAG CAC TAC AAAGTC-3'. The polymerase chain reaction (PCR) conditions used were 94°C for 1 min and 26 cycles of 94°C for 30 s, 55°C for 1 min and 68°C for 1 min. UCP4 cDNAfragments (about 400-bp) were obtained by reverse transcriptase (RT)-PCR with RNA extracted from hippocampus, cortex, striatum, and midbrain of rat and mouse brains with SuperScript TM First-strand Synthesis System (Gibco, BRL). The cDNA fragments of UCP4 were cloned and subcloned into the pGEM-42 vector (Promega, San Luis Obispo, CA) to make riboprobes. Automated DNA sequencing confirmed that the cloned cDNA segments contained the UCP4 coding region with conserved mitochondrial energy transfer protein domains (Fig. 1) . Subsequent to our cloning of mouse UCP4, another laboratory deposited the mouse UCP4 sequence in the Genebank database (AB106932).
In Situ Hybridization
In situ hybridization analysis was performed with 35 S-labeled riboprobes in rodent-brain tissue sections. Cryosections (16 µm) were thaw-mounted onto charged slides, and were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), dehydrated, diliapidated, and airdried. The hybridization solution contained 10 7 cpm/mL riboprobe in hybridization buffer. The slides were coverslipped and placed in a 55°C humidified incubator overnight. The slides were washed through graded salt solutions, dehydrated, and exposed to hyperfilm-max (Amersham Piscataway, NJ) for 2 wk. The slides were then dipped in emulsion and stored at 4°C for 3 wk. After developing and fixing, the slides were counterstained with thionin.
Immunoblot Analyses
For immunoblots, proteins (50 µg/lane) from different regions of rat brain were separated by electrophoresis in a 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel, transferred to a nitrocellulose membrane, and incubated with the UCP4-antibody (Research Diagnostics Inc., NJ, 1:1000). To confirm equal protein loading, the same blot was reprobed with a mouse antiactin antibody (Sigma, St. Louis, MO; 1:10,000 dilution). Horseradish peroxidase (HRP)-conjugated secondary antibodies were used in all Western blots (Vector Laboratories) and visualized by enhanced chemiluminescence (Amersham).
Generation of Pheochromocytoma Cell Lines Stably Expressing hUCP4
The recombinant plasmid encoding full-length human UCP4 (pcDNA-UCP4) was kindly provided by Pan (Genentech). Pheochromocytoma (PC12) cell lines overexpressing UCP4 were generated using expression plasmids and cell transfection and Volume 8, 2006 (B) Molecular model of the three-dimentional structure of UCP4 reveals a channel conformation with six α-helices as shown from both the side-view (upper) and inside-view (lower) ribbon diagrams. The structure is colored according to the sequences from blue (N-terminus) to red (C-terminus). The three-dimentional structure was predicted by homology modeling based on the X-ray crystallographic structure of the bovine mitochodrial ADP/ATP carrier, another member of mitochondria carrier family. The modeling and drawings were accomplished using SPDBV, SYBL, and BioDesigner software. (See online version for color.)
selection protocols described previously (Chan et al., 2004) . Briefly, cells were grown in 35-mm dishes in RPMI medium supplemented with 10% horse and 5% fetal-bovine sera until they reached 80% confluency. Transfection was carried out using Lipofectin reagent (1 µg DNA in 10 µL of Lipofectin) according to the manufacturer's protocol (Invitrogen). Stable transfectants of PC12 cells were obtained after selection for growth in the presence of geneticin (500 mg/L). hUCP4 expression was confirmed by RT-PCR and immunoblot. Several clones of hUCP4 expressing cells were selected and maintained in the presence of geneticin (250 mg/L).
Measurements of O 2 Consumption and Time-Lapse Imaging of ∆ψ m
The O 2 consumption rates were measured using a thermo-jacketed Clark-type oxygen electrode with mini-stirring bar at 37°C in digitonin-permeabilized cells (Vercesi et al., 1991; Kowaltowski et al., 2002; Yang et al., 2002) . Signals were collected through an amperometric box and recorded with a standard two-channel recorder. Cells were suspended in culture medium at a density of 1 × 10 7 cells/mL. After centrifugation, cells were resuspended in a HEPESbuffer containing (mM)145 NaCl; 5 KCl; 1.8 CaCl 2 ; 0.8 MgCl 2 ; 10 D-glucose; 10 HEPES; 5 succinate; and 0.3 ADP, with/without rotenone (2 µM) (pH 7.0 and 295 mOsm) in an oxymetry chamber under constant stirring at 37°C. Oxygen uptake was monitored after the addition of digitonin (0.001%). The concentration of digitonin used was calibrated on tetramethylrhodamine ethyl ester (TMRE)-loaded cells and did not alter the ∆ψ m of cells. State 3 respiration rates were recorded in the presence of adenosine diphosphate (ADP) (0.3 mM), and the ATP synthase inhibitor oligomycin (2 µg/mL) was added to measure State 4 respiration. The respirationcontrol ratio (RCR) was calculated as the ratio of state 3/state 4 respiration rates. The data were represented as ng atom O/min/1 × 10 7 cells at 37°C. The O 2 consumption rates were also measured in medium with nicotinamide adenine dinucleotide (NADH)-linked substrates (mM: 250 sucrose; 5 malate; 5 pyruvate; 5 glutamate; 100 EGTA; 10 HEPES; and 0.1% BSA, pH 7.2, (Kowaltowski et al., 2002 ; data not shown). Cell viability was 95-100% as assessed by trypan blue exclusion assay before and after the oxygen consumption assay.
Changes of ∆ψ m in UCP4 and vector-transfected (VT) cells were measured by time-lapse confocal imaging (Zeiss, 510) . Cells were loaded with a low concentration of TMRE (25 nM) to avoid "quench mode" for 15-20 min at 37°C, washed with HEPESbuffered saline, and maintained in HEPES-buffered saline containing TMRE (25 nM) throughout the course of the experiment. Images of TMRE fluorescence were acquired every 10 s. The ∆ψ m of UCP4 and VT cells at state 4 respiration was determined by addition of oligomycin in the presence of ADP, succinate, and rotenone. The ∆ψ m of UCP4 and VT cells analyzed in the presence or absence of digitonin was compared. The average pixel intensity per cell was determined using the Zeiss software and values were expressed as mean and SD of relative intensity normalized to baseline from multiple cells. Data were analyzed from measurements of 60-90 cells in 7-11 independent experiments.
Measurements of ∆ψ m , ROS Production and Ca 2+ m Levels
Fluorescent probes (Molecular Probes, Eugene, OR) were used to measure mitochondrial membrane potential (TMRE) and ROS (dichlorofluorescein diacetate, DCF; and dihydrorhodamine, DHR) and mitochondrial Ca 2+ concentration (rhodamine-2L [Rhod-2]). Two methods, confocal microscopy and flow cytometry were used to quantify the intensity of cellular fluorescence emitted from each probe on excitation at probe-appropriate wavelengths. For confocal microscopy-based analysis, cells grown on glass cover slips were incubated with 50 nM TMRE (20 min), 10 µM DHR (30 min), or 5 µM Rhod-2-acetoxymethyl ester (AM) (60 min). In the case of TMRE imaging, the medium was changed to HEPESbuffered saline (Krohn et al., 1999) containing 25 nM TMRE and the cultures were equilibrated at room temperature prior imaging. Fluorescence images of cells were acquired using a Zeiss 510 confocal microscope and average pixel intensity per cell was obtained from an average of three to five culture dishes with 20-30 cells per dishes (Kruman and Mattson, 1999; Liu et al., 2002) . For flow cytometric analysis, cells were harvested following brief incubation with 0.025% trypsin, pelleted by Low-speed centrifugation, and washed and diluted to a concentration of 1 × 10 6 cells/mLin RPMI 1640 medium. The suspended cells were labeled with TMRE (100 nM), DHR (10 µM) or Rhod-2 (5 µM) as described previously, washed twice with fresh medium (maintained 50 nM TMRE for ∆ψ m measurements) and then analyzed using a FACSscan (Becton-Dickson, San Jose, CA). Data were displayed as histograms of log fluorescence. The concentrations of TMRE used in the present study were similar to or lower than those used to measure mitochondrial membrane potential in previous studies (Krohn et al., 1999; Poppe et al., 2001; Liu et al., 2002) .
Measurements of Glucose Uptake, Cellular ATP and Lactate Levels
For measurement of ATPconcentrations cell lysates were analyzed using an ATP bioluminescence assay kit (Roche Diagnostics) and a luminometer (Optocomp II; MGM Instruments, Hamden, CT). Solutions of known ATP concentrations were used to generate a standard curve. Protein concentrations were determined with a BCAprotein assay kit (Pierce, Rockford, IL) and ATP concentrations were expressed as nmoles/mg protein. For measurement of glucose uptake cells were washed three times with glucosefree medium and then incubated for 15 min in the presence of 1.5 µCi/mL 3 H-2-deoxyglucose at 37°C. Phloretin, a selective inhibitor of glucose transport, was used to establish glucose transport-specific uptake of radiolabeled 2-deoxyglucose (Mark et al., 1997) . The cells were then washed with fresh medium and lysed. An aliquot of the lysate was saved for protein assay and radioactivity in the remaining medium was counted using a scintillation counter. A lactate assay kit (Trinity Biotech, Berkeley Heights, NJ) was used for measurements of cellular lactate levels; solutions of known lactate concentration were used to generate a calibration curve. Cells were homogenized in PBS and the concentration of lactate in the homogenate was measured at an absorbance of 540 nm; values were normalized to the protein concentration in the sample.
Assesments of Apoptosis and Cell Survival
PC12 cells were cultured onto 35 mm cell culture dishes in RPMI medium with G418 and then exposed to treatments. The cells were then fixed at selected time-points in 4% paraformaldehyde in PBS, and incubated with 10 µM Hoechst stain for 30 min and washed thrice in PBS. The Hoechst stained cells were kept in the dark and were examined using epifluorescence illumination (340 nm excitation). Cells with fragmented nuclear DNA were considered apoptotic, and the percentage of apoptotic cells in each culture was determined by counting three to four randomly chosen ×20 microscope fields (counts were made in three to four culture dishes for each experimental condition).
Cell survival was evaluated with Alamar blue using methods similar to those described previously (White et al., 1996; O'Brien et al., 2000) . Briefly, dissociated cells were counted and plated in 24-well plates (1 × 10 6 cells/well) and exposed to treatments for 24 h. The culture medium was removed and replaced with 300 µL/well of 0.5% Alamar blue diluted in PBS, and incubated for 1-2 h at 37°C in a 5% CO 2 incubator. Levels of the Alamar blue reaction product were measured using a HTS 7000 Plus bioassay reader (540 nm excitation and 590 nm emission wavelengths).
Hippocampal Cell Cultures
Procedures for preparation and maintenance of dissociated hippocampal cell cultures from embryonic rat (Sprague Dawley) embryos have been described previously (Mattson et al., 1995) . Briefly, hippocampi were removed and subjected to mild trypsination and trituration. Dissociated neurons were seeded onto polyethylenimine-coated glass cover slips and maintained at 37°C in Neurobasal medium containing B-27 supplements, 2 mM L-glutamine, 1 mM HEPES, and 0.001% gentamycin sulfate. All experiments were performed using 7-8 d old cultures. For cold exposure, cells were incubated at 4°C for increasing time periods up to 24 h.
UCP4 siRNA Preparation and Transfection
UCP4 siRNA was synthesized by in vitro transcription (Silencer TM siRNA Construction Kit, Ambion) from oligo DNA templates. Briefly, several target oligonucleotide templates were designed along the rUCP4 coding region as well as a sequence in the 3' untranslated region. All siRNAs were 21 nucleotides long with 3' terminal noncomplementary dimers of uridine. Target sequences were compared to the Genebank database and any sequences present in other genes, including other members of the UCP family, were rejected. T7 primer with a leader sequence was used to synthesize antisense and sense RNAwith T7 RNApolymerase. The leader sequence was removed and the resulting siRNAwas purified, quantified, and labeled with fluorescein (Ambion). The siRNAs were transfected into cultured hippocampal neurons using oligifectamine (Ambion). A negative double-stranded RNA with scrambled sequence and GAPDH siRNA obtained from Ambion were transfected into cells as controls. Following siRNA transfection, UCP4 siRNA and GAPDH siRNA transfected cells were detected by confocal imaging with double or triple staining for UCP4, GADPH, and a neuronal marker (MAP2 or β-III tubulin). Total cell RNA was extracted from cultured hippocampal neurons at 24, 48, and 72 h following transfection and semiquantitative RT-PCR was performed. The PCR cycle was preselected and UCP4 PCR products were normalized to GADPH or actin PCR products obtained from the same cDNA preparation.
Animals and Dietary Manipulation
Male Fischer-344 rats were bred and reared in a vivarium at the NIAfacility. They were housed individually in standard plastic cages with beta chip wood bedding. Control animals were fed a NIH-31 standard diet ad libitum. At 1 mo of age the calorie restricted animals were provided a vitamin and mineral fortified version of the same diet at a level of 40% less food (by weight) than ad libitum-fed rats consumed during the previous week. Filtered water was available ad libitum for all rats. The vivarium was maintained at a temperature of 25°C, with relative humidity at 50% on a 12/12-h light/dark cycle (lights on at 06:00). The calorie-restricted rats manifested decreased body temperature and plasma insulin levels, and increased free-fatty acids levels (data not shown) consistent with previous studies (Duffy et al., 1990; De Cabo et al., 2003) . Rats were euthanized at 14 mo of age between 09:00 and 11:00 after an overnight fast. All procedures were approved by the National Institute on Ageing Animal Care and use Committee and complied with National Institute Health guidelines for the care and use of laboratory animals.
Statistics
For single condition comparisons between control cells and cells with increased or decreased UCP4 levels, paired or unpaired Student's t-test was used. For multiple condition comparisons the data was subjected to ANOVA and pairwise comparisons were made using Scheffe posthoc tests.
Results
Cloning and Structural Characterization of Mouse UCP4
Total RNAwas isolated from mouse and rat brain and sequences of UCP4 cDNAs were cloned. The deduced amino acid sequences of mouse, rat, and human UCP4 sequences were compared. The amino acid sequence of mouse UCP4 shares 89 and 94% identity with human and rat UCP4, respectively (Fig. 1A) . Rat UCP4 exhibits only 44% homology with rat UCP5/BMCP1, another UCP found mainly in the brain (Mao et al., 1999) and about 30% identity is shown with UCP1. The amino acid sequence of mouse UCP4 includes three consecutive similar sequences of about 100 amino acids, six transmembrane domains, three putative mitochondrial energy transfer protein motifs located within hydrophilic regions (red) between the transmembrane domains and a putative purine nucleotide binding site (Fig.  1A , red box; Mao et al., 1999) . Molecular modeling analysis of the 3D structure of the UCP4 protein (Fig. 1B) indicates a conformation with six transmembrane α-helices, based on homology modeling of the X-ray crystallographic structure of the bovine mitochondrial ADP/ATPcarrier, a well-characterized mitochondrial anion carrier protein which shares 30% homology with UCP4.
UCP4 is Expressed Predominantly in Neurons Throughout the Rodent Brain
RT-PCR analysis of RNA samples from several different tissues and brain regions demonstrate that UCP4 mRNA was present in all brain regions examined (cerebral cortex, hippocampus, striatum, and cerebellum), but was undetectable in heart, skeletal muscle, and liver ( Fig. 2A) . UCP4 mRNA was present at high levels in neuronenriched cultures of hippocampal (Fig. 2B ) and cortical (data not shown) cells, at moderate levels in a transformed oligodendrocyte cell line (OLN93) and at low levels in astrocyte-enriched cortical cultures (Fig. 2B) . Immunoblot analysis showed that UCP4 protein is present throughout the brain and appear to vary somewhat among brain regions (Fig. 2C) .
In situ hybridization with 35 S-labeled riboprobes was employed to establish the regional and cellular 396 Liu et al. NeuroMolecular Medicine Volume 8, 2006 distribution of UCP4 mRNAin the adult rodent brain. Autoradiographs revealed high levels of UCP4 mRNA in hippocampal pyramidal neurons and dentate granule cells, in the habenular nucleus, in the paratenial nucleus of the thalamus, and in the arcuate nucleus of the hypothalamus ( Fig. 2D ; Table 1 ). Moderate levels of UCP4 mRNA were present in cells of the cerebral cortex, septal region, basal ganglia, and cerebellum (Table 1) . Emulsion autoradiographs showed subpopulations of neurons in the striatum, and habenular and arcuate nuclei that expressed very high levels of UCP4 mRNA (Fig. 2D ). Specific signal was also present in association with pyramidal neurons and dentate granule neurons in the hippocampus, and with scattered cells throughout the hypothalamus.
hUCP4 Expression Alters O 2 Consumption
Rates and Reduces ∆ψ m , ROS Production, and Ca 2+ Accumulation
In order to elucidate the functions of UCP4 in neurons, the authors generated lines of PC12 neuronal cells that stably overexpress human UCP4 cells. Clones were selected that contained hUCP4 protein at moderately high amounts, as determined by RT-PCR analysis of mRNAlevels and immunoblot analysis of hUCP4 protein levels (Fig. 3A,B) . Immunoblot analyses of whole cell lysates and isolated mitochondrial fractions demonstrated that hUCP4 protein was present in the mitochondrial fraction of cells transfected with the UCP4 plasmid, but was absent in VT cells. The subcellular location of hUCP4 in the transfected cells is consistent with that previously reported for cells transfected with Flag-hUCP4 which colocalized with cytochrome-c oxidase when expressed in MCF7 cells (Mao et al., 1999) .
To evaluate the functional activity of UCP4, the rates of oxygen consumption at states 3 and 4 were measured in digitonin-permeabilized UCP4 and VT cells (Table 2) . Digitonin permeabilizes the plasma membrane but does not have, at the concentration used here (0.001%), any detectable effect on the integrity of mitochondrial membranes as determined in TMRE loaded cells (data not shown). The O 2 consumption rates of UCP4 cells was significantly lower than VT cells in state 3 (p < 0.01) and higher in state 4 (p = 0.03; paired one-tail t-test). The RCR (state 3/state4) was significantly lower in UCP4 cells than in VT cells (p < 0.01). The respiration rate of UCP4 cells was also lower in the presence of NADH-linked substrates (glutamate/malate, 0.001% digitonin, data not shown) but showed higher sensitivity to GDP (2 mM, p = 0.005). Oligomycin (state 4) inhibited about 75% of O 2 consumption in VT cells but only 63% in UCP4 cells (p < 0.05) whereas the portion of GDP-sensitive respiration was increased in UCP4 cells (45%) compared with that in VT cells (25%) ( Table 2) . Thus, UCP4 expression results in a shift from oligomycin sensitive to GDP-sensitive O 2 consumption. The lower oxygen-consumption rate of UCP4 cells at state 3 (closest to physiological conditions) indicates F 1 F 0 ATP synthase activity was lower in UCP4 cells and that UCP4 expression induces an adaptive shift of energy metabolism from mitochondrial oxidative phosphorylation. The GDPsensitive respiration of UCP4 and VT cells were not measured at state 4 because the respiration rates after exposure to oligomycin were too low. The higher GDP sensitivity of UCP4 cells argues against a possible nonspecific effect of UCP4 expression on mitochondrial respiration and ∆ψ m (Stuart et al., 2001) .
The effect of UCP4 expression on ∆ψ m at state 4 was further examined with time-lapse confocal imaging on UCP4 and VT cells loaded with TMRE and treated with oligomycin in the presence of ADP and succinate as substrates (Fig. 4) . The experiments were performed without digitonin (Fig. 4A ) or with digitonin (0.001%; Fig. 4B,C) , as well as with rotenone to block reverse electron flow (Fig. 4C) . In response to oligomycin, hyperpolarization of ∆ψ m was observed in VT cells over a period of several minutes but less response was observed in UCP4 cells under all conditions (Fig. 4A-C) . The transient decrease of ∆ψ m induced by succinate (Fig. 4B) is likely because of the enhanced respiration and mitochondrial reverse electron flow as it was attenuated in the presence of rotenone (Fig. 4C) . Stimulation of respiration by succinate in cultured cells has been reported previously (Il'chenko et al., 2005) . The UCP4 cells also exhibited a higher hyperpolarization of ∆ψ m in response to GDP (1 mM; Fig. 4D ), consistent with our respiration data showing that UCP4 cells were more sensitive to GDP (Fig. 3E,F) . The authors further evaluated the impact of UCP4 on mitochondrial physiology by measuring ∆ψ m using the probe TMRE, levels of cellular ROS using the probes CM-H 2 DCFDA (DCF) and DHR, and the intramitochondrial Ca 2+ concentration using the probe Rhod-2. UCP4 cells exhibited a significantly lower level of TMRE fluorescence compared to VT cells as determined by confocal microscopy and flow cytometry (Fig. 5A,B) . UCP4 cells exhibited significantly lower levels of DCF fluorescence (Fig. 5C ) and dihydrorhodamine fluorescence (Fig. 5D ) compared to VT cells, suggesting that UCP4 suppresses mitochondrial ROS production. Levels of Rhod-2 fluorescence were significantly lower in UCP4 cells compared to VT cells (Fig. 5E,F) , suggesting that UCP4 reduces mitochondrial Ca 2+ accumulation.
UCP4 Induces a Shift in Energy Metabolism Characterized by Increased Glucose Uptake and Increased Glycolysis
To determine the effects of UCP4 on cellular energy metabolism, the authors first measured ATP concentrations in lysates of VT and UCP4 cells. The ATP concentrations in VT and UCP cells were not significantly different under basal culture conditions (Fig. 6A) . However, when the cells were exposed to FCCP, an uncoupler of mitochondrial oxidative Data were recorded in digitonin-permeabilized (0.001%) UCP4 and vector-transfected cells and represented as ng atom O/min/1 × 10 7 cells. Values of state 3 and state 4 are the mean and SD (n = 8 independent experiments). Respiration-control ratio (RCR) is the ratio of state 3/state 4 respiration.
a Oligomycin sensitive inhibition of oxygen consumption (%) was calculated based on measurements at state 3 and state 4.
b GDP-sensitive inhibition (%) was measured in HEPES-buffered saline with NADH-linked substrates (glutamate/malate) before and after the addition of GDP (2 mM). Values are the mean ± SD (n = 4 independent experiments). c p < 0.05 d p < 0.01 for significant differences between vector and hUCP4 cells based on paired two tail t-test. e p < 0.05 based on paired one-tail t-test.
phosphorylation, ATP was significantly depleted from VT cells, but was maintained at a significantly higher level in UCP4 cells (Fig. 6A) , suggesting that UCP4 causes a reduction in mitochondrial ATP production, which is compensated by an alternative pathway for ATP production. The latter findings further demonstrate that UCP4 activity makes neural cells less reliant on mitochondrial respiration for maintenance of energy levels.
The authors then performed a series of experiments to determine how neuronal energy metabolism is modulated by UCP4. Because glucose is the major substrate for ATP production, the authors evaluated glucose transport in control and UCP4-expressing neural cells. The rate of 3 H-glucose uptake was significantly greater in UCP4 cells compared to VT cells (Fig. 6B) . Similarly, the uptake of the fluorescent glucose analog 2-(N-[7 nitrobenz]-2-oxa-1-3-diazol-4-yl) amino 2-deoxyglucose (2-NBDG) was significantly greater in UCP4 cells compared with that of VT cells (Fig. 6C,D) . Neurons can use lactate as an energy source, which might be particularly important for their function and survival under conditions of reduced oxygen availability or oxidative stress. Levels of lactate were more than twofold greater in UCP4 cells compared to VT cells (Fig. 6E) . The decreased reliance of UCP4 cells on mitochondrial oxidative phosphorylation, and their increased uptake of glucose and lactate production suggested that UCP4 induces a shift to glycolytic energy metabolism. Consistent with the latter interpretation, we found that UCP4 cells exhibited increased sensitivity to inhibition of glycolysis. Thus, UCP4 cells were significantly more vulnerable to being killed by iodoacetate (an inhibitor of the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase) compared to VT cells (Fig. 6F) . Collectively, these results suggest that UCP4 reduces mitochondrial oxidative phosphorylation and ROS production, changes that are associated with enhanced glucose uptake and glycolysis.
UCP4 Protects Neurons Against Mitochondrial Impairment and Oxidative Stress
Mitochondrial stress plays a pivotal role in neuronal death in many physiological and pathological settings (Mattson and Kroemer, 2003) . Because an increase in levels of UCP4 resulted in decreased ∆ψ m , lower levels of ROS and reduced mitochondrial Ca 2+ accumulation and decreased the reliance of neural cells on oxidative phosphorylation, we determined whether UCP4 can protect neurons against mitochondria-mediated cell death. VT and UCP4 cells were exposed to the mitochondrial toxin 3-nitropropionic acid (3NP), an inhibitor of succinate dehydrogenase (complex II) that impairs mitochondrial ATP production and induces oxidative stress and death of neurons (Brouillet et al., 1995) . 3NP induced apoptosis of more than 10% of the VT cells within 12 h and more than 30% within 24 h (Fig. 7A) . In contrast, UCP4 cells were significantly 
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more resistant to apoptosis induced by 3NP. Measurements of ∆ψ m in VT cells at increasing timepoints after exposure of cells to 3NP revealed a significant increase of ∆ψ m at 6 h followed by a progressive decrease to very low levels by 24 h as cells died (Fig. 7B) . A similar transient hyperpolarization of the mitochondrial membrane in response to mitochondrial toxins has been reported in previous studies (Poppe et al., 2001; Giovannini et al., 2002; Iijima et al., 2003) . In contrast, there was no significant change of ∆ψ m in UCP4 cells during the 24-h period of exposure to 3NP. 3NP treatment resulted in an increase in ROS levels in both VT and UCP4 cells; however, the magnitude of the increase was significantly greater in VT compared to UCP4 cells (Fig. 7C) . Cells overexpressing UCP4 were also more resistant to death induced by potassium cyanide (KCN), a mitochondrial complex IV inhibitor that induces chemical hypoxia and neuronal death (Dubinsky and Rothman, 1991) as measured by Alamar blue fluorescence assay (Fig. 7D) . Overexpression of UCP4 did not affect the total mitochondrial volume significantly in PC12 cells because UCP4 and VT cells exhibited similar levels of labeling with MitoTracker Green, a fluorescent probe that accumulates in mitochondria independently of the ∆ψ m (data not shown). Overexpression of UCP4 had no affect on cell survival under 
basal culture conditions as determined by Alamar blue assay (Fig. 7D ).
UCP4 Deficiency Promotes Mitochondrial Calcium Overload and Cell Death in Hippocampal Neurons
To establish the function of endogenous UCP4 in neurons we employed RNA interference technology to deplete UCP4 in cultured rat hippocampal neurons. Neurons were transfected with siRNA duplexes (21 nucleotides in length) directed against rat UCP4 mRNA (UCP4siRNA), or with control siRNA of the same nucleotide composition but a scrambled sequence (N-siRNA). As an additional control, we transfected the neurons with GAPDH siRNA. Because of the low transfection efficiency of primary neurons in culture (<50%) we labeled UCP4 and GAPDH siRNAs with a green fluorescent tag to identify neurons that were successfully transfected (Fig. 8A) . The effectiveness of UCP4 siRNA in depleting UCP4 mRNA was verified by quantitative RT-PCR analysis; UCP4-mRNA levels were unaffected in cells transfected with N-siRNA or an siRNA directed against the 3' untranslated region of UCP4 mRNA (Fig. 8B,C) . Neuronal survival in cultures transfected with UCP4 siRNA was decreased during a 72 h period compared to cells transfected with N-siRNA suggesting that endogenous UCP4 is required for the survival of hippocampal neurons in culture (Fig. 8D) . The intramitochondrial Ca 2+ concentration in neurons transfected with UCP4 siRNA was significantly increased compared to untransfected neurons in the same cultures after 24 h UCP4 siRNA transfection (Fig. 8E,F) . Collectively, these data suggest that UCP4 serves cell survival-promoting and Ca 2+ -regulating functions in primary hippocampal neurons.
Caloric Restriction and Cold Temperature Induce Expression of UCP4 in Brain Cells
Caloric restriction (CR) is a dietary manipulation that extends life span (Weindruch and Sohal, 1997) and can protect neurons against injury and improve functional outcome in animal models of stroke and neurodegenerative disorders (Bruce- Keller et al., 1999; Yu and Mattson, 1999; Maswood et al., 2004) . The mechanisms by which CR prolongs life span and protects neurons against disease are not clear, but it is known that CR results in a decreased body temperature and increased insulin sensitivity and reduced mitochondrial oxidative stress (Roth, 2002; Mattson, 2003; Merry, 2004) . To determine whether UCP4 plays a role in the responses of neurons to changing of temperature and energy availability, the authors measured levels of UCP4 mRNA in rat hippocampal cell exposed to cold and in the brains of Fischer 334 rats that had been maintained for 14 mo on either an ad libitum control diet or a CR diet (40% reduction in calories). Cold exposure significantly increased UCP4-mRNA levels in cultured hippocampal neurons (Fig. 9A,B) . Levels of UCP4 mRNA were higher in the cerebral cortex of rats in the CR group compared to rats in the control group as assessed by in situ hybridization autoradiography (Fig. 9C,D) . Immunoblot analysis showed that average levels of UCP4 protein were higher in the cerebral cortex and hippocampus of rats on the CR diet (four animals in each group) although this increase did not reach statistical significance (Fig. 9E,F) . These findings suggest that UCP4 might mediate physiological responses of neurons to changes in dietary energy intake and temperature.
Discussion
The present findings establish UCP4 as a brainspecific mitochondrial protein that is highly enriched in neurons and is expressed at variable levels among populations of neurons throughout the brain. Our analyses of PC12 cells overexpressing UCP4 and of hippocampal neurons with levels of UCP4 reduced by RNAinterference demonstrate important roles for UCP4 in promoting neuronal survival. Cells expressing UCP4 underwent a shift of energy metabolism to increase glucose uptake and glycolysis, thereby providing sufficient ATP to compensate for the reduced mitochondrial ATP production resulting from expression of UCP4 (Fig. 10) . These adaptations result in decreased ROS production and preventing mitochondrial calcium overloading, which likely contribute to the increased resistance of neurons with high levels of UCP4 to mitochondrial stress. In vivo studies showed that the expression of UCP4 mRNA is increased in brain cells of rats subjected to CR, suggesting a role for UCP4 in adaptive responses of neurons to changes in energy intake.
The pattern of expression of UCP4 mRNA in the brain was similar in rats and mice, with high levels of expression in hippocampal pyramidal and dentate granule neurons, habenula, several hypothalamic nuclei (ventromedial, arcuate, paraventricular), the paratenial thalamic nucleus, and a subpopulation of striatal cells. There are similarities in the expression pattern of UCP4 documented in the present study and that previously reported for UCP5 , with both being expressed at high levels in similar populations of neurons in the hippocampus and hypothalamus. The expression of UCP2 is much more restricted, being present at high levels in some hypothalamic nuclei (paraventricular, arcuate, ventromedial, and suprachiasmatic nuclei), but with very low levels of expression in hippocampal and cortical cells .
Neurons in the ventromedial hypothalamic, habenular and arcuate nuclei, and the hippocampus play important roles in the regulation of energy metabolism and body weight as indicated by the upregulation of the leptin receptor in the latter brain regions in response to fasting in mice (Lin and Huang, 1997) . There is also considerable overlap in the regional expression of UCP4 and glucokinase, the rate-limiting enzyme in glycolysis, which is thought to play a role in neuronal glucose sensing (Lynch et al., 2000) . The latter study showed that glucokinase is highly expressed in neurons in the arcuate, ventromedial, paraventricular, and lateral nuclei of the hypothalamus, as well as in the habenular nucleus. By virtue of its connections with the central gray and raphe nucleus, and the substantia nigra and ventral tegmental area, the habenular nucleus is believed to play important roles in modulating food intake and mood (Ellison, 1994) . The distribution of UCP4 expression among brain structures also overlaps considerably with the expression of the receptor for glucagon-like peptide-1 (Merchenthaler et al., 1999) , further suggesting a role for UCP4 in neuronal circuits that regulate energy balance. UCP4 levels were very high in a subpopulation of striatal neurons. Earlier studies have shown that, although medium spiny neurons in the striatum are vulnerable to metabolic compromise (Pisani et al., 2002) , there are other types of striatal neurons that are resistant to being killed by metabolic insults, including exposure to 3NP (Brouillet et al., 1999) and focal cerebral ischemia (Kokaia et al., 1998) . Some of the resistant neurons express NADPH diaphorase (nitric oxide-producing neurons) and some are cholinergic (Behrens et al., 1996; Kokaia et al., 1998 ). Because we found that UCP4 can protect neurons against metabolic and oxidative insults, it might be the case that the high levels of UCP4 serve a neuroprotective function in striatal neurons that might be subjected to high levels of oxidative stress, such as those that produce nitric oxide.
Energy intake and expenditure are tightly regulated processes. We found that cellular ATP levels were maintained in UCP4 cells compared to control cells even though the O 2 consumption rate of UCP4 cells at state 3 respirations was significantly lower than VT cells. Apparently as an adaptive response cells with high UCP4 levels also had increased rates of glucose uptake. ATP levels were maintained at a relatively high level in UCP4 expressing cells but not in control cells following exposure to FCCP, an uncoupler that abolishes ATP production in mitochondria. The results indicate that a portion of ATP in UCP4 cells does not come from mitochondria and UCP4 might mediate an adaptive shift of ATP production from mitochondrial respiration to glycolysis (Fig. 6) . In addition, a glycolytic shift in response to UCP4 expression is supported by the increased cellular lactate levels in cells with high-UCP4 levels and the increased vulnerability of UCP4 cells to iodoacetate, an inhibitor of glycolysis. Although glycolysis is more prominent in astrocytes, it also occurs in neurons and PC12 cells (Pereira et al., 1999; Gjedde and Marrett, 2001 ). Cells with a high glycolytic capability exhibit increased resistance to oxidative stress (Almeida et al., 2001; Brown and Bonitaite, 2001 ), consistent with a role for the glycolytic shift induced Fig. 10 . Model of adaptive metabolism shifting and neuroprotective mechanism of UCP4. Increased UCP4 expression in neuron reduces ∆ψ m by increasing proton leak in the inner mitochondrial membrane, which reduces ROS produced in mitochondria and prevents mitochondrial calcium overload. UCP4 expression mediates an adaptive shift of energy metabolism by increasing glucose uptake and glycolysis to compensate for reduced mitochondrial ATP production from oxidative phosphorylation. ETC, electron transport chain.
by UCP4 in protecting neurons against oxidative stress. It has been reported that levels of ATP are increased in brain cells of UCP2 transgenic mice which could be related to increased mitochondrial number as a result of mitochondrial proliferation (Diano et al., 2003) . Our results showed that the total mitochondrial volume is not significantly different between UCP4 and VT cells as detected by labeling mitochondria with MitoTracker Green, a fluorescent probe that accumulates in mitochondria independently of the ∆ψ m . Also the Alamar blue assay, which is based on the activity of mitochondrial enzymes, did not reveal a significant difference between UCP4 and VT cells under basal culture conditions (Fig. 6D) .
The ∆ψ m of UCP4 cells was lower than that of control cells, consistent with previous studies of other UCPs (Mao et al., 1999; Yu et al., 2000) . The reduction in ∆ψ m in PC12 cells overexpressing UCP4 is unlikely to be a nonspecific effect, because overexpression of other mitochondrial proteins resulted in divergent effects on ∆ψ m and ROS production. For example, overexpression of manganese superoxide dismutase did not affect ∆ψ m , but was very effective in reducing ROS levels in neural cells exposed to different oxidative stressors (Keller et al., 1998) . On the other hand, overexpression of Bcl-2 resulted in increased mitochondrial membrane potential and reduced ROS levels in PC12 cells (Kowaltowski et al., 2000) . Although the reduction of ∆ψ m in cells overexpressing UCP4 was modest (about 15%), others have found that a 10% decrease of ∆ψ m can result in a 50% reduction in ROS production (Korshunov et al., 1997) .
The oxygen-consumption rate of UCP4 cells was lower than that of control cells at state 3 (which is close to physiological conditions) but not at state 4 (slightly higher) when cells were exposed to oligomycin, an inhibitor of F 0 F 1 ATP synthase ( Table 2 ) which indicates that the activity of F 0 F 1 ATPase is lower in UCP4 cells at state 3. The oxygenconsumption rate of UCP4 was also lower in buffer with NADH-linked substrates (glutamate/malate) which further supports the hypothesis that the ATP production might shift from mitochondrial oxidative phosphorylation to glycolysis. It was unlikely that the lower respiration rate at state 3 was because of a mechanism other than UCP4-mediated uncoupling because the lower ∆ψ m was observed in UCP4 cells under physiological culture conditions in which endogenous activators such as fatty acids and inhibitors such as nucleotides are always present. UCPs might not transport protons themselves. The uncoupling activity of UCPs requires transport of the anionic fatty acid head group across the bilayer and the proton transport might be mediated by the fatty acid and not by the UCP itself (Garlid et al., 2001) . It has been shown that the rate of state 3 respiration is marginally lower in mitochondria isolated from yeast strains expressing UCP1-3, whereas state 4 respiration rate is increased in UCP1 and UCP2 but not UCP3 expressing strains (Rial et al., 1999) . Our studies also showed that exposure to oligomycin induced a significant hyperpolarization of ∆ψ m in VT cells but not UCP4 cells, suggesting the presence of a higher proton conductance as a result of UCP4-mediated protonophoric function when the F 0 F 1 ATPase was inhibited. Although it is not known if the oxygen-consumption rate of mitochondria in intact cells is different from that of isolated mitochondria, whole-cell respiration rates are a combination of mitochondrial and nonmitochondrial energy metabolism. Our findings suggest that UCP4 activity decreases ∆ψ m resulting in reduced mitochondrial ATP and ROS production and a shift to glycolysis that allows maintenance of ATP production. The latter interpretation is consistent with data showing that mitochondria-deficient cells are viable and depend on glycolysis for their energy requirements (Herst et al., 2004) .
Studies of muscle, liver, and fat cells have demonstrated the responsiveness of UCP genes to several different stimuli including cold and heat exposure, feeding and fasting, free-fatty acids, and inflammatory cytokines (Boss et al., 1997; Busquets et al., 1998; Weigle et al., 1998; Yu et al., 2000; Argyropoulos and Harper, 2002) . The factors that affect UCP expression in neurons are unknown. It was reported that cold exposure does not affect UCP2 and UCP5 mRNA levels in the brain, but that levels of UCP5 mRNA decrease and UCP2 mRNA levels increase during ageing in rats (Mizuno et al., 2000) . UCP2 expression was induced by entorhinal cortex lesion, and UCP2 might increase the resistance of entorhinal neurons to apoptosis (Bechmann et al., 2002) . Our results show that the UCP4-mRNA expression levels were higher in brain cells of energy-restricted rats. This increase in UCP4-mRNA expression may be the result of the decreased body temperature and/or reduced energy utilization during CR (Roth et al., 2002) . In this regard, we have found that UCP4 levels are increased in cultured hippocampal neurons exposed to cold temperatures. Dietary restriction can protect neurons against oxidative and metabolic stress (Bruce- Keller et al., 1999; Maswood et al., 2004) , suggesting a potential role of UCP4 in the neuroprotective effects of CR. Mutation in genes that encode mitochondrial proteins involved in oxidative phosphorylation can reduce oxidative stress and increase life span in C. elegans (Rea and Johnson, 2003) . These mutants exhibit increased use of lactate or alcohol-producing fermentative pathways for energy production and reduced ROS production.
Neural cells with high UCP4 levels maintained an intramitochondrial Ca 2+ concentration that was lower than that of control cells, whereas hippocampal neurons in which UCP4 levels were decreased using siRNAs exhibited an elevated intramitochondrial Ca 2+ concentration. These findings suggest a role for UCP4 in the regulation of mitochondrial Ca 2+ homeostasis in neurons. High concentrations of Ca 2+ in mitochondria occur before cell death in many different pathological conditions including hypoxia (Fransteva et al., 2001 ) and excitotoxicity (Peng et al, 1998; Alano et al., 2002) . Mitochondrial Ca 2+ overload can impair oxidative phosphorylation and ATP synthesis, increase ROS production, and induce mitochondrial membrane permeability transition pore formation and apoptosis (Murphy and Fiskum, 1999; Gibson, 2002; Mattson and Kroemer, 2003) . Stabilization of mitochondrial Ca 2+ homeostasis by UCP4 might therefore contribute to its neuroprotective actions.
Recent findings suggest that UCP2 and UCP3 can protect neurons against ischemic injury (Mattiasson et al., 2003) and that increased levels of UCP2 are associated with increased resistance of neurons to excitotoxicity (Sullivan et al., 2003) . In addition, dopaminergic neurons in UCP2-deficient mice exhibit increased vulnerability to the Parkinsonian toxin MPTP (Andrews et al., 2005) . The authors found that neural cells with high-UCP4 levels were relatively resistant to being killed by 3NP and cyanide, mitochondrial toxins that kill neurons by a mechanism involving increased ROS generation and metabolic stress (Kim and Chan, 2001; Li et al., 2002) . UCP4 expression attenuated the increase in ROS levels resulting from exposure of the cells to 3NP. It is therefore likely that the ability of UCP4 to suppress mitochondrial ROS production contributes to its neuroprotective actions. The shift in energy metabolism resulting from UCP4 expression also likely contributes to neuroprotection because of a decreased reliance of the cells on mitochondrial respiration. Hippocampal neurons in which UCP4 levels were decreased by transfection of the cells with siRNAs directed against UCP4 mRNA were more vulnerable to death, demonstrating that endogenous UCP4 serves a cytoprotective function in neurons.
Our findings show that UCP4 is a neuronal mitochondrial protein that modulates energy metabolism pathway, ROS production, and Ca 2+ homeostasis. Although the authors focused on the consequences of these activities of UCP4 for cell survival under conditions of metabolic and oxidative stress, the findings have implications for other aspects of neuronal function. For example, Ca 2+ , ROS, and energy metabolism play important roles in regulating synaptic transmission and plasticity (Chittajallu et al, 1998; Zorumski and Izumi, 1998; Knapp and Klann, 2002; Kann et al., 2003) , and neurite outgrowth, and synaptogenesis (Haydon and Zoran, 1994; Mattson and Liu, 2002) . It will therefore be of interest to determine the roles of UCP4 in such physiological processes.
